Cytosine methylation is important in the epigenetic regulation of gene expression and development in plants and has been implicated in silencing duplicate genes after polyploid formation in several plant groups. Relatively little information exists, however, on levels and patterns of methylation polymorphism (MP) at homologous loci within species. Here we explored the levels and patterns of methylation-polymorphism diversity at CCGG sites within allotetraploid cotton, Gossypium hirsutum, using a methylation-sensitive amplified fragment length polymorphism screen and a selected set of 20 G. hirsutum accessions for which we have information on genetic polymorphism levels and relationships. Methylation and MP exist at high levels within G. hirsutum: of 150 HpaII/MspI sites surveyed, 48 were methylated at the inner cytosine (32%) and 32 of these were polymorphic (67%). Both these values are higher than comparable measures of genetic diversity using restriction fragment length polymorphisms. The high percentage of methylation-polymorphic sites and potential relationship to gene expression underscore the potential significance of MP within and among populations. We speculate that biased correlation of methylationpolymorphic sites and genes in cotton may be a consequence of polyploidy and the attendant doubling of all genes.
The information content of the genome includes not only its primary sequence but also modifications thereof, including methylation of cytosine residues (Tariq and Paszkowski 2004) . DNA methylation plays a role in diverse cellular activities, such as carcinogenesis, gene silencing, genomic imprinting, chromatin remodeling, dosage compensation, DNA replication timing, and disease defense and is known to be meiotically as well as mitotically inherited in plants (Finnegan et al. 1996; Pikaard 1999; Bartee et al. 2001; Richards and Elgin 2002; Kato et al. 2003; Meng et al. 2003; Berger 2004; Chan et al. 2004) . Methylation occurs predominantly at CG and CNG symmetric sequences, although cytosine methylation at nonsymmetric sites is also common (Gruenbaum et al. 1981; McClelland 1983; Oakeley and Jost 1996) . After DNA replication, specific methyltransferases use strand symmetry to guide methylation of the newly synthesized, hemimethylated DNA. In this fashion, epigenetic information in the form of methylation is transferred to daughter strands (Holliday and Pugh 1975) . Viroid RNA and small double-stranded RNAs have been shown to serve as signals to activate de novo DNA methylation in plants, which may be followed by transcriptional silencing of homologous genes (Fojtova et al. 2003; Matzke et al. 2004; Steimer et al. 2004 ). Loss of methylation through knockdown of a methyltransferase results in ectopic gene expression and abnormal development in plants (Finnegan et al. 1996; Ronemus et al. 1996; Jacobsen et al. 2000) . On polyploidization, methylation may result in control of the expression of redundant genes and genome stabilization (Lee and Chen 2001; Adams et al. 2003; Scheid et al. 2003) . Utilization of cytosine methylation for epigenetic regulation of gene expression could also be advantageous over classic genetic mutation for adaptation in polyploids (Wendel 2000; Lee and Chen 2001; Liu and Wendel 2003) .
Gossypium hirsutum L. is a New World allotetraploid represented by a wide range of morphological and ecological forms that vary from highly domesticated, early cropping, highyielding annuals with abundant fiber to large tropical plants with coarse, sparse fiber (Brubaker et al. 1999; Applequist et al. 2001) . Modern cultivars of this species, known as Upland cultivars, dominate world cotton production and have displaced indigenous cottons in the Old World (Lee 1984) . Isozyme and restriction fragment length polymorphism (RFLP) data indicate 2 centers of genetic diversity, one in Mesoamerica and the other in the Caribbean, and a strong geographical component to the variation (Wendel et al. 1992; Brubaker and Wendel 1994) . In addition, colonial and cultural influences are evident in patterns of relationships among cotton cultivars and germplasm accessions, as is a profound genetic bottleneck in Upland cultivars associated with the development of the modern high-yielding forms.
Knowledge of epigenetic diversity in G. hirsutum would contribute to our understanding of the diversity in cotton while exploring a relatively new area of epigenetic research: methylation variation within species. Here we assess infraspecific levels of methylation polymorphism (MP) by using a methylation-sensitive modification of the common amplified fragment length polymorphism (AFLP) technique (Messeguer et al. 1991; Reyna-Lopez et al. 1997; Xiong et al. 1999; Ashikawa 2001; Liu et al. 2001; Portis et al. 2003 ) that has been employed in many studies of plant genomes. Methylation-sensitive isoschizomers HpaII and MspI are used in parallel reactions; each recognizes the sequence CCGG but differs in its sensitivity to DNA methylation at the inner cytosine. Using a selected set of G. hirsutum cultivars and accessions for which we have previously obtained information on genetic polymorphism levels and relationships (and 2 accessions of Gossypium barbadense, a second cultivated cotton species), we here address MP. Specifically, we ask the following: 1) What percentage of the CCGG sites are methylated as determined by differential digestions? 2) How extensive is MP among these sites within cotton? 3) What kinds of genomic sequences are subject to MP?
Materials and Methods

Plant Materials and DNA Extraction
The 20 accessions used in this study (Table 1) were selected from the 19 representative groups of G. hirsutum that encompass diversity in the species (2 cultivars representing the modern cultivated group), as determined by an earlier RFLP survey of approximately 200 nuclear loci (Brubaker and Wendel 1994) . We also included as outgroups 2 representative samples of G. barbadense, a second allopolyploid cotton species that is also commercially important (as ''pima cotton,'' ''Egyptian cotton''). Genomic DNA was extracted from young expanding leaves using the Qiagen (Valencia, CA) DNA Extraction kit. Care was taken to collect leaves at the same developmental stage so that any developmental variation in methylation, to the extent that it occurs within leaves, would not confound our ability to determine genotype-specific variation in methylation patterns. For a subset of accessions (9 of 22), DNA was extracted from 2 plants of the same accession and used in the methylation-sensitive AFLP (msAFLP) analysis below. This was done to ensure repeatability of banding patterns and methylation stability within accessions.
Methylation-Sensitive Amplified Fragment Length Polymorphism Assay
Our protocol is a combination of the msAFLP methods used by Reyna-Lopez et al. (1997) and the online protocol of Mark E. Berres (University of Wisconsin-Madison, http://ravel. zoology.wisc.edu/sgaap/AFLP_html/AFLP.htm). No more than 300 ng of genomic DNA was digested with 5 U HpaII (50 000 U/ml) or MspI (100 000 U/ml) and 5 U EcoRI (100 000 U/ml) in a total volume of 20 ll of the appropriate buffer at 37°C for 3 h. Rare and frequent cutter digestions (i.e., 4-and 6-bp recognition sites, respectively) were performed simultaneously. Concentrated supplies of the restriction enzymes were used (New England BioLabs, Ipswich, MA) to limit the glycerol content to less than 5% and avoid spurious digestion. The reaction was stopped by heating the mixture to 80°C for 10 min. Digestion and adapter ligations were carried out separately to avoid generation of concatemers. Adapters were prepared by mixing equal amounts of oligonucleotides ''EcoRI-adapterI'' and ''EcoRI-adapterII,'' each at a concentration of 100 lM ( Table 2 ). The mixtures were heated to 95°C for 5 min and then allowed to anneal by cooling slowly over the course of 25 min. This process was repeated for the HpaII/MspI adapter combination. T4 DNA ligase (200 U, New England BioLabs), 37.5 pmol of each adapter, and the provided ligation buffer were incubated at 16°C overnight with the digestion product, bringing the total reaction volume to 30 ll. Ligation product was diluted to 15% in sterile water.
Preamplification was performed using 10.0 ll dilute ligation product, 15 pmol each of EcoRI þ A and HpaII/MspI þ 0 primers, 1Â polymerase chain reaction (PCR) buffer, 3.0 ll 25 mM MgCl 2 , 4.0 ll 2.5 mM deoxynucleoside triphosphates (dNTPs), and 2.5 U Taq DNA polymerase (GIBCO BRL, Gaithersburg, MD) in a total volume of 50.0 ll. The reaction entailed a 2-min hold at 75°C, followed by 20 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 2 min, and finally, 10 min at 60°C before a 10°C hold. The product was diluted to 5% in sterile water. The selective amplification was conducted in a volume of 25 ll using 5.0 ll dilute preamplification product from above, 1Â PCR buffer, 1.5 ll 25 mM MgCl 2 , 3.0 ll 2.5 mM dNTPs, 5.0 pmol each of 2 EcoRI primers, 20.0 pmol HpaII/MspI primer, 1.0 ll 10 mg/ml bovine serum albumin, and 1.25 U Taq DNA polymerase. One of the EcoRI primers in the reaction was prelabeled with tetrachlorinated analogue of 6-carboxyfluorescein (6-FAM) and another with 6-FAM for fluorescent visualization of selective amplification products. The PCR parameters included an initial hold at 94°C for 2 min; 10 touchdown cycles (94°C for 30 s, 65°C for 30 s, and 72°C for 2 min) during which the annealing temperature was decremented 1°C each cycle; 25 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 2 min; 60°C for 10 min; and finally a 10°C hold.
A master mix comprising 2.4 ll formamide, 0.5 ll blue dextran, and 0.6 ll GeneScan-500 [TAMRA] size standard (PE Biosystems, Foster City, CA) was added to 1.5 ll selective amplification product and heated for 2 min at 95°C and then snap cooled on ice. A final volume of 1.3 ll was electrophoresed on a 4.5% acrylamide gel on an Applied Biosystems (ABI, Foster City, CA) Prism 377 DNA sequencer for 3.0 h. The program GENESCAN was used to capture the fluorescent bands, and the gel image was scored by eye. To ensure repeatability, at least 2 replicate reactions using the same DNA starting material were performed for the entire msAFLP process from digestion to gel scoring for all accessions and all primer sets, in addition to the biological replicates mentioned above.
Obtaining Sequences of Polymorphic Fragments
To determine the identity of fragments that were judged to be polymorphic with respect to methylation status, selective EcoRI primers were end labeled with radioisotope (ATP [ 32 P] end-labeling grade from ICN Radiochemicals, Solon, OH) and used in selective amplification reactions identical to those above. The reaction products were run on denaturing 6% polyacrylamide gels, and polymorphic bands were cut from the gel and rehydrated by boiling in 100 ll water for 5 min. The eluted DNA was used as template for PCR after the cycling conditions of the selective amplification. The reactions were carried out in a volume of 25 ll using 5.0 ll eluted DNA, 1Â PCR buffer, 0.75 ll 50 mM MgCl 2 , 3.0 ll 2.5 mM dNTPs, 10.0 pmol EcoRI þ A primer, 10.0 pmol HpaII/MspI primer, and 1.0 U Taq DNA polymerase. This PCR product was purified using the Qiagen PCR purification kit and then directly sequenced using the EcoRI þ A primer. Sequences obtained are deposited in GenBank under accession numbers AY789113-AY789119.
Data Analysis
The BLAST package on the National Center for Biotechology Information server was used to search public databases for sequences similar to those we obtained, as well as to a growing collection of cotton expressed sequence tags (SF Altschul, W Gish, W Miller, EW Myers, and DJ Lipman, unpublished data). The statistics package NTSYSpc version 2.10p (Applied Biostatistics, Setauket, NY) was used for principal component analysis (PCA) of the MP data using a correlation matrix of the polymorphic fragments among all accessions. Data were visualized by projection of the accessions onto a plane defined by the first two principal components.
Results
A CCGG site for a particular accession was classified as ''methylated'' if a band was present in either the MspI or HpaII lane but not the other, ''not methylated'' if bands were present in both lanes, or ''unknown'' if bands were absent in both lanes (Figure 1) . A site was considered ''methylation polymorphic'' (MP) if there was at least one accession in which the site was methylated and at least one accession for which the site was not methylated. MspI and HpaII are both sensitive to methylation at the outer cytosine of the CCGG recognition sequence; therefore, absence of bands in both the MspI and HpaII lanes could be due to either genetic polymorphism or hypermethylation.
Sites were scored and included in the analysis only if replicate AFLP reactions showed the same band pattern. 
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The biological replicates (msAFLP analysis on DNA from 2 different individuals of the same accession) demonstrated that there is little diversity within any given accession, and the few differences found were all genetic, not epigenetic. The primer combinations used yielded 150 sites that could be scored with high confidence and repeatability. Of these 150, 48 were methylated (32%), of which 32 were polymorphic (67%) ( Table 3 ). These numbers do not include 2 sites that were methylated or MP only within the 2 G. barbadense accessions examined.
To explore whether patterns of MP mirrored genetic relationships as determined previously (Brubaker and Wendel 1994) , a neighbor-joining tree was constructed and visually compared with the earlier tree based on RFLP data. No evident relationships among the 22 accessions studied here were revealed (not shown). However, a PCA performed on the data in Table 3 reveals possible relationships with geography and G. hirsutum ''race'' (Figure 2) . The 2 Upland cottons emerged close to one another in multivariate space, and the representative accessions from Belize, Honduras, and El Salvador clustered together. Accessions were coded according to the geographical groups used by Wendel et al. (1992) , and those from the same region were often close in multivariate space (see Figure 2A) . Seven of the 22 accessions were of race ÔlatifoliumÕ; these form a cloud that excludes most other accessions ( Figure 2B ). Members of race ÔpalmeriÕ and race Ômarie galanteÕ were also adjacent relative to other accessions. The 2 G. barbadense accessions did not show significant dissimilarity from the G. hirsutum accessions with regard to methylation of the sites considered here. There were significant genetic differences, and because a loss of bands in both the HpaII and MspI lanes was scored as an unknown methylation status, this most likely contributed to an apparent decrease in MP between the 2 species.
To assess the types of genomic sequences subject to MP, we gel-isolated selected AFLP bands and sequenced them. b Sites from which sequence data were obtained.
c Sites that are only methylation polymorphic when G. barbadense is included.
We were able to obtain sequences for 7 polymorphic bands (Table 4) , and of these 7, 4 were similar to existing sequences in public databases. These 4 sequences were all similar to plant protein-coding genes or cDNAs, as specified in Table 4 .
Discussion
Cytosine methylation has proved to be an important factor in the epigenetic regulation of gene expression, and as such, a number of studies have investigated the role of methylation in silencing duplicate genes after polyploid formation (Comai et al. 2000; Liu et al. 2001; Shaked et al. 2001; Madlung et al. 2002; Salmon et al. 2005 ). Here we explored the diversity of cytosine methylation at CCGG sites within allotetraploid cotton, G. hirsutum. Our results show that methylation as well as MP is widespread within G. hirsutum. Of 150 HpaII/MspI sites, 48 were methylated at the inner cytosine (32%) and 32 of these were polymorphic (67%), despite the relatively small number of accessions (n 5 20) examined. Although there are no comparable studies from other plants, preliminary surveys in Arabidopsis (Cervera et al. 2002; Riddle and Richards 2002) , rice (Ashikawa 2001; Wang et al. 2004) , and Pisum (Knox and Ellis 2001) suggest that our results will not be unique, but instead that MP will turn out to be widespread within plant species. It is noteworthy that previous surveys (Wendel et al. 1992; Brubaker and Wendel 1994) have demonstrated that G. hirsutum contains relatively low levels of genetic variation, yet in spite of this a great deal of MP was observed. Brubaker and Wendel (1994) found that 22.4% of RFLP bands are polymorphic, yet 67% of methylated sites are polymorphic, underscoring the potential significance of MP within and among populations. This, together with stability of methylation patterns within a given cotton accession (biological replicates), makes it possible that the MPs may serve as epigenetic markers for certain populations and cultivars. Additional experimentation is needed to confirm the extent and scope of MP, as well as the mode of inheritance of the accession-specific methylation patterns within a broader sampling of this and other species.
The PCA of the MP data reveals some noteworthy similarities to the results of the study of Brubaker and Wendel (1994) of genetic diversity within G. hirsutum. They found that whereas the Upland accessions formed a distinct group, accessions from Mexico and Guatemala failed to cluster and were interspersed with one another. The same patterns were found using the MP data (Figure 2A ). Brubaker and Wendel also found that ÔlatifoliumÕ and ÔpalmeriÕ races from Wendel et al. (1992) . (B) Coded for racial designation. The first 2 principal components account for 18.7% and 14.6% of the total variance. Identifying numbers next to each data point correspond to accessions as shown in Table 1. diverse locations clustered and were associated with the Upland cottons. The PCA in Figure 2B shows a similar relationship. These results suggest that, in general, methylation diversity mirrors genetic diversity; that accession-specific methylation patterns are heritable; and that the pace of MP evolution is not so rapid that recent history of epigenetic evolution is obscured. In Arabidopsis (Cervera et al. 2002) and rice (Ashikawa 2001) , MP was found not to be related to genetic relatedness among the accessions studied.
Additional clues into the potential importance of MP were provided by obtaining sequence for a subset of the MP bands. For our data set, MP is distinctly correlated with protein-coding genes. Whereas the number of sequences retrieved was small relative to the number of MP sites, it is noteworthy that 4 of the 7 sequences generated had sequence matches to putative genes, despite the fact that the AFLP technique and the enzymes employed do not enrich for the genic component of the genome. Moreover, it was demonstrated recently that, in contrast to mammals, most plant coding sequences are usually not methylated (Rabinowicz et al. 2003) . It thus is tempting to speculate that this potential biased correlation of MP sites and genes in cotton is likely a direct consequence of allopolyploidy and the attendant doubling of all genes. In recent years it has become clear that genome doubling leads to extensive alteration in gene expression (Lee and Chen 2001; Adams et al. 2003; Liu and Wendel 2003) , including gene silencing, some of which may be mediated through methylation. A natural extension of our study would be to examine the effects of methylation on expression of the genes identified here, as well as to examine the extent of methylation and MP in the parental diploids.
Because some gene-silencing events arise immediately with the onset of polyploid formation, the methylationpolymorphic sites revealed in this study raise questions about the pace of MP accumulation on an evolutionary time scale (Adams et al. 2003; Liu and Wendel 2003; Adams and Wendel 2005) . After an initial speciation event, how do accessionspecific methylation patterns originate and at what pace do MP sites evolve, as a species diversifies and spreads over a landscape? Answers to this and the correlated question of reversibility are likely to emerge from expanded surveys in this and other species, particularly if combined with independently generated genetic or phylogeographic data. Although the PCA results presented here suggest that patterns of methylation diversity correlate with patterns of genetic diversity, mapping methylation changes onto genetically based phylogeographic trees could diagnose the level within a phylogenetic hierarchy at which any given polymorphism originated; whether a particular polymorphism has a single or multiple origin; whether methylations are subject to high rate of reversion; and by extension of both the pace of MP evolution and its evolutionary liability.
